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Among a superfamily of myosin, class VI myosin
moves actin filaments backwards. Here we show that
myosin VI moves processively on actin filaments back-
wards with large (~36 nm) steps, nevertheless it has
an extremely short neck domain. Myosin V also moves
processively with large (~36 nm) steps and it is be-
lieved that myosin V strides along the actin helical
repeat with its elongated neck domain that is critical
for its processive movement with large steps. Myosin
VI having a short neck cannot take this scenario. We
found by electron microscopy that myosin VI cooper-
atively binds to an actin filament at ~36 nm intervals
in the presence of ATP, raising a hypothesis that the
binding of myosin VI evokes “hot spots” on actin fila-
ments that attract myosin heads. Myosin VI may step
on these “hot spots” on actin filaments in every helical
pitch, thus producing processive movement with 36
Nnm steps. © 2002 Elsevier Science

Key Words: myosin VI; actin; GFP; optical trap; single
molecule imaging; Brownian motion; vesicle trans-
port; molecular motor; nanotechnology.

MyosinVI is composed of two heavy chains, each
consisting of a motor domain, one 1Q motif that binds a
calmodulin light chain (neck domain), an «-helical
coiled—coil, and a small globular C-terminal domain
that is thought to play a critical role in determining the
specificity of each myosin in cellular environment by
interacting with the isoform specific targets (Fig. 1A,
left) (1). A number of studies support the idea that
myosin VI plays a role in organelle transport as well as
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other functions such as the reorganization of actin
filaments and microtubules (2-5). A most striking find-
ing is that among a superfamily of at least 18 known
classes of myosin, myosin VI moves actin filaments in
the backward direction (6). This raised the possibility
that intracellular organelles can move on actin fila-
ments in both directions. The “processivity” of the mo-
tors is critical to support cargo movement and several
evidences now indicate that myosin V is a processive
motor that supports cargo movement on actin cables to
the plus direction (7-9). A key question is whether
myosin VI is “processive” and thus supports the cargo
movement to the opposite direction on actin cables. A
recent biochemical study has suggested the processiv-
ity of myosin VI (10). The present study addressed this
guestion by using single molecule imaging (11, 12) and
optical trapping nanometry (8, 9, 13) that can directly
determine the motor processivity at a single molecule
level.

MATERIALS AND METHODS

Proteins. Actin was obtained from rabbit skeletal muscle and
purified as described (14). Recombinant calmodulin from Xenopus
oocytes was cloned and expressed in Sf9 cells as described (15).
M5HMM was prepared as described (16). GFP moiety was attached
to the N-terminus of M5SHMM.

Generation of the expression vectors for myosin VI constructs. A
baculovirus transfer vector for mouse myosin VI variants in pFast-
Bac (Gibco-BRL, NY) was produced as follows. Dr. K Avraham (Tel
Aviv University) kindly supplied mouse myosin VI cDNA clones
containing fragments 150-2565 (B10), 1460-3708 (B2), and 2939—
4606 (B12) in pBluescript. A 1679-3309 cDNA fragment of myosin
VI was obtained from the B2 clone by Kpn1/PfIM1 digestion and was
inserted into the B10 clone following its digestion by Kpnl/PfIM1. A
unique Nhel site was created at the 5’ side of the initiation codon,
and then the myosin VI cDNA was cut by Nhel/Kpn1l digestion and
inserted into the pFastBac baculovirus transfer vector at the
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FIG. 1. Structures of the myosin constructs. (A) Schematic rep-
resentation of M6WT (left), GFP-M6HMMsRod (middle), and GFP-
M5HMM (right). GFP moieties were attached to the N-termini of
M6HMMsRod and M5HMM. GFP and calmodulin light chain are
represented by stars and half tone, respectively. (B) Rotary-
shadowed electron microscopic images of GFP-M6HMMSsRods. The
small globular domain protruded from the head domain is assumed
to be a GFP moiety. Scale bar, 50 nm.

polylinker region (M6L). A Kpn1 site was created at the 5’ side of the
stop codon of B12, and a cDNA fragment (3309-3950) was excised by
Kpn1l digestion. The fragment was ligated into M6L construct at the
Kpnl site. A hexa-histidine tag sequence with a stop codon was
introduced at the 3’ side of the Kpn1l site. This construct (M6WT),
containing the entire coding region, was used to express wild-type
myosin VI. To introduce GFP into myosin VI, pEGFP vector (Clon-
tech) was digested with Nhel/Xbal to excise GFP encoding nucleo-
tides. The cDNA fragment was in frame ligated into M6L construct
at the unique Nhel site. A Spel site was created at nucleotide 3073
of myosin VI cDNA and Spel/Kpnl fragment of smooth myosin
Il heavy chain cDNA (3325-4699) encoding a part of the coiled-
coil domain was introduced into GFPM6L construct to produce
GFPM6HMMSsRod.

Electron microscopy. Negative-staining was carried out as de-
scribed (17) with some modifications. A drop of 1.2 uM F-actin
solution in a phosphate buffer (5 mM potassium phosphate, pH 8.1,
30 mM KCI, 2 mM MgCl,, 1 mM DTT) was placed on a copper grid.
This was rinsed with a few drops of the buffer, followed by a drop of
the same buffer containing 0.10-15 M of GFPM6HMMsRod. After
1 min of incubation, the same buffer but with ~0.2 mM ATP was
added. Within 2 to 3 s, it was fixed and stained negatively with a
solution of 1% uranyl acetate containing 20 ug/ml bacitracin. The
specimens were dried and observed under a JEOL 2000 EX electron
microscope. Electron micrographs were taken usually as stereo-pair
with 50,000 X to 80,000 X direct magnification. Low angle rotary-
shadowing was done according to a standard technique with 6 de-
grees elevation angle.

Single-motor motility assays. Movements of single fluorescently-
labeled myosin molecules were observed as previously described (7,
11, 12) with some modification. The fluorescently-labeled actin fila-
ments, containing biotinylated G-actin (0.5% of total G-actin), were
adsorbed onto a quartz surface that had been coated with avidin-
biotinylated-casein. The glass surface was then coated with casein to
avoid nonspecific binding of myosin. Then, GFP-M6HMMsRod and
GFP-M5HMM in the buffer solution containing 25 mM KCI, 5 mM
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FIG. 2. GFP-M6HMMsRod-actin filament complexes. (A) Nega-
tively-stained electron micrographs. Myosin interacted with actin
filaments floating free in the assay buffer containing 0.2 mM ATP.
Then the buffer was suddenly replaced with a staining solution to
instantaneously arrest the reaction (17). It was confirmed that
GFP-M6HMMsRod moves processively along actin filaments with
~36 nm steps at 0.2 mM ATP (Nanometry), although the velocity
was several-fold slower than at 5 mM ATP. Arrowheads indicate
the positions of GFP-M6HMMsRod molecules bound to actin fila-
ments. Note that the present negative staining method does not
use any supporting films, so GFP-M6HMMsRod molecules are
kept free in solution until the moment of fixation (17). Scale bar,
50 nm. (B) A histogram of the distance between the two adjacent
GFP-M6HMMsRod molecules bound to actin filaments. Some my-
osin molecules appeared bound to actin filaments with the both
heads that are apart with 10-15 nm between them. This may
show that myosin molecules switch their track from one to the
other protofilament of an actin filament while they slide proces-
sively over the actin helical pitch (see Discussion). In such a case,
we measured the distance from position of heads at either side to
the adjacent myosin molecule on actin (see arrowheads in A). A
solid line is a gaussian fit to the data. The mean +/— SD was
35 +/— 14 nm (n = 407).
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FIG. 3. Processive movement of single molecules of myosin VI and V along actin filaments. (A) Schematic diagram used to observe
movement of single myosin molecules by TIRFM. (B) Fluoresce image of a polarity-marked actin filament attached onto a glass surface via
biotin-avidin system. A bright spot indicates the bright cap at the pointed end (see Materials and Methods). (C) Sequential images of a single
GFP-M6HMMsRod molecule (left panels) and a single GFP-M5HMM molecule (right panels) moving along an actin filament. Fluorescence
images of a GFP-M6HMMSsRod and an actin filament obtained by dual-view TIRFM were superimposed. (+) and (-) indicate the barbed and
pointed ends of actin filaments, respectively. GFP (green) and actin filaments (dark red) were artificially colored. Arrowheads indicate the
positions of myosin. Scale bar, 1 um. (D) A typical time course of photobleaching of a GFP-M6HMMsRod adsorbed onto a glass surface.
Photobleaching took place by two steps (marked by arrows). (E) Histograms of fluorescence intensities of GFP-M6HMMsRods measured just
after encountering with a glass surface, i.e., before photobeaching (Red-bars) and after the first photobleaching step (Blue-bars). (F) A
histogram of fluorescence intensities of GFP-M6HMMsRods moving along an actin filament. The fluorescence intensities of GFP-
M6HMMSsRods were measured just after encountering with actin filaments, i.e., before photobleaching.

MgCl, 5 mM ATP, 20 mM Hepes-KOH pH 7.8, 1 mM EGTA, and actin filament without overlap. Polarity-marked actin filaments were

oxygen scavenger system (14) was added to the actin filament-coated

prepared as described previously (6, 16) except for labeling actin

surface. In these experiments, myosin concentrations of ~10 nM  filaments with only tetramethylrhodamine (TMR). The polarity of
were chosen so that individual molecules could be observed on an  the resulting actin filaments were visualized by dimly red through-
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out and a highly bright red cap at the pointed end. All experiments
were done at 25°C. Optical trapping nanometry was performed as
previously described (13) with some modifications. Beads of 0.2 um
in diameter, coated with M6WT and then with bovine serum albumin
(BSA), were optically trapped and brought into contact with an actin
filaments bound to a glass surface as shown above. Optics: GFP-
labeled myosin and TMR-labeled actin filaments were observed by
TIRFM (11, 12). GFP and TMR were excited by an Ar-Kr laser (A =
476.5 nm). Fluorescent images of the two dyes were simultaneously
obtained by dual-view optics (18), in which we used a dichroic mirror
(Separation WL, 550 nm; Sigmakoki, Saitama, Japan), 515DF30
filter (Omega Optical, Brattleboro, VT) for GFP, 570DF30 filter
(Omega) for TMR. The fluorescences were imaged by an EBCCD
camera (C-7190-21; Hamamatsu Photonics, Hamamatsu, Japan)
coupled with an image intensifier (VS4-1845, Video Scope Interna-
tional, Sterling, VA) and recorded using a digital video recorder.
Image analysis: Image analysis was performed on a Macintosh com-
puter using the public-domain program NIHimage with a custom
macro. Fluorescent intensities were obtained using a rolling 4-frame
average to reduce the fluctuations, by summing the intensities from
an 7 X 7 pixel window and subtracting the background intensity.
Positions of single myosin molecules were measured from the cen-
troids of the fluorescent spots. Standard deviations of the myosins
rigidly attached to the glass surface were 60 nm, which correspond to
the space resolution.

ATPase assay and in vitro motility assay. The steady-state
ATPase activity was determined at 25°C as described using the ATP
regeneration system (19). The surface gliding assay was performed
as described previously (16). Actin filament velocity was calculated
from the movement distance and the elapsed time in successive
snapshots. Student’s t test was used for the statistical comparison of
mean values. A value of P < 0.01 was considered to be significant.

RESULTS AND DISCUSSION

We constructed chimeric myosin VI (GFP-M6HMMsRod)
(Fig. 1A middle). It contained the motor domain, neck
domain, and entire coiled—coil of myosin VI. To stabi-
lize the formation of the two-headed structure and
visualize by fluorescence microscopy, additional short
coiled—coil domain (sRod) of myosin Il that is too short
to form filaments (20) and GFP (green fluorescent pro-
tein) were attached to the C-terminal and N-terminal
ends of the construct, respectively. GFP-M6HMMsRod
as well as wild-type myosin VI (M6WT) was coex-
pressed with calmodulin in Sf9 insect cells. Electron
microscopy revealed that GFP-M6HMMsRod had two
heads connected with an extended rod as expected from
the designed construct (Figs. 1B and 2A). GFP-M5HMM
was also constructed for comparison (Fig. 1A right).
The actin-activated ATPase activity (3 head ' s™') of
the GFP-M6HMMsRod was identical to M6HMM. The
actin translocating velocity of GFP-M6HMMsRod (300
nms ') in the surface gliding assay was identical to
that of M6HMM and M6WT. Thus, N-terminal GFP
moiety neither influenced the actin-activated ATPase
activity nor the actin translocating velocity.

The movements of GFP-M6HMMSsRods on actin fil-
aments were directly observed using TIRFM (7, 11, 12)
(Fig. 3A). GFP-M6HMMSsRods could be observed bind-
ing to and moving along actin filaments (Fig. 3C, left
panels). The direction of movement was checked by
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FIG. 4. Histograms of travel distances (A) and durations (B) of
GFP-M6HMMsRods moving along actin filaments.

polarity-marked actin filaments (6, 16) (Fig. 3B). The
direction of GFP-M6HMMSsRod movement was consis-
tent with the previous report for myosin VI subfrag-
ment-1 (6) but opposite to that of GFP-M5HMM (Fig.
3C, right panels). To verify that moving fluorescent
spots were indeed due to single GFP-M6HMMsRod
molecules, the photobleaching characteristics and in-
tensities of fluorescent spots were examined (12). The
fluorescent spots of surface-adsorbed GFP-M6HMMsRods
disappeared primarily in a two-step process, as ex-
pected for photobleaching reactions of two GFP mole-
cules bound to the GFP-M6HMMSsRod (Fig. 3D). The
fluorescence intensity measured just after binding to
the glass surface, i.e., before photobleaching (Fig. 3E,
Red-bars) was approximately twice as large as that
after the first photobleaching step (Fig. 3E, Blue-bars).
The fluorescence intensity of moving spots (Fig. 3F),
which was measured just after encountering the actin
filaments, was similar to that of adsorbed ones before
photobleaching. These results indicate that moving
spots were due to single GFP-M6HMMsRod molecules.

Figures 4A and 4B show the travel distance and
duration of attachment of single GFP-M6HMMsRod
molecules, respectively. The mean travel distance and
duration were 240 nm and 0.44 s, respectively. The
travel distance (240 nm) is consistent with a recent
biochemical result that the number of ATP molecules
per encounter with actin is ~5 (10), if one ATP mole-
cule is assumed to be hydrolyzed per 36 nm step (9).
About 60% of GFP-M6HMMSsRods encountering with
the actin filament moved more than 100 nm, which was
the distance that could be sufficiently determined by
the computer image analysis (see Materials and Meth-
ods). The mean velocity calculated from these values is
550 nm/s (=240 nm/0.44 s), which is larger than the
gliding velocity of actin filaments on GFP-M6HMMsRod-
and M6WT-coated glass surfaces (~300 nm/s). A sim-
ilar difference was observed for fluorescently-labeled
wild-type myosinV (7). This is probably because in the
surface gliding assay, many myosins interact with an
actin filament that provides internal friction.
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FIG. 5. Optical trapping nanometry of bead-tagged M6WT mov-
ing along actin filaments. (A) A typical record of the time course of
motion of an optically trapped bead coated with M6WT along an
actin filament. White dots, raw data. Black line, same data passed
through a low-pass filter of 50 Hz bandwidth. Right ordinate indi-
cates force calculated as (displacement) X (trap stiffness). Trap stiff-
ness, 0.005—-0.01 pN/nm. (B) A histogram of the step size. Data were
fit to two gaussians with peaks at 38 nm (SD = 16 nm) and at 82 nm
(SD = 6 nm). A small gaussian at 82 nm may be due to two successive
steps taking place rapidly within the temporal resolution (2 ms) of
the measurement system.

To spy on the process of processive movement of
myosinVI, we measured the movement of an optically-
trapped bead coated with M6WT. An optically-trapped
M6WT-coated bead was brought into contact with an
actin filament adsorbed on a glass surface. The move-
ment of M6WT was determined by measuring the dis-
placement of a bead with nanometer accuracy (13) (Fig.
5A, insertion). The displacement took place proces-
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sively in a stepwise fashion, reached a plateau and fell
suddenly to zero displacement (Fig. 5A). We confirmed
by Poisson statistics that single myosin VI molecules
are sufficient to move beads (9). The number of beads
moving continuously (>100 nm) along actin filaments
was recorded as a function of the molar ratio of myosin
VI molecules to beads. The probability that a bead
carries one or more motors is (1 — exp(—Ac)), where c is
the molar ratio of myosin VI molecules to beads during
the incubation and A is a fit parameter accounting for
the fact that not all myosin VI molecules incubated
together with the beads will find a bead or adsorb in a
functional conformation (8, 9). The data could be well
fit by this functional form (A = 0.01, reduced x> = 0.04),
showing that a single molecule is sufficient to move a
bead. The experiments were performed at the myosin
VI to bead ratio where <30% of the beads were moving.
Assuming a myosin VI has 100 nm of reach, >94% of
moving beads should be driven by only one molecule.
The stall force (1.5-2.0 pN) was constant, agreeing that
the number of M6WT molecules involved in the move-
ment at a time is one. Figure 4B shows a histogram of
stepsize. The average stepsize was ~38 nm. A small
peak around 80 nm is probably due to two successive
steps taking place rapidly within the temporal resolu-
tion (2 ms) of the measurement system. When the
concentration of ATP was decreased from 5 mM to 75
uM, the dwell time was longer but the stepsize was
unchanged. This result excludes the possibility that
~38 nm steps are composed of small steps, each of
which is coupled to the ATPase cycle, but they could
not be observed due to lack of the temporal resolution.

How does myosin VI with a short neck domain pro-
cessively move along the actin filament with large (38
nm) steps? It is proposed that myosin V with a long (23
nm) neck domain strides along the helical repeat of an
actin filament by tilting the long neck domain of one
head and leading the partner head to the neighbor
helical pitch (36 nm) (9, 23), based on the lever arm
model (21, 22). Therefore, one possibility is that the
a-helix coiled—coil connecting the two heads at the far
ends of their neck domains (Fig. 1A) unzips so that the
heads can span the actin helical pitch. In rotary-
shadowed electron micrographs of GFP-M6HMMSsRods,
some molecules appeared unzipping at the coiled—coil
domain, though the majority of the molecules were not
unzipped (Fig. 1B). The result suggests that there is
flexibility near the neck domain. However, it is un-
likely that the possible unzipping enables myosin VI to
step the helical pitch of actin. First, negatively stained
images of electron micrographs did not show unzipping
of myosin VI thus spanning the helical pitch of actin
filaments. A GFP-M6HMMsRod molecule bound to the
actin monomer with ~36 nm intervals corresponding
to the actin helical pitch (Fig. 2A). Second, even if
myosin VI coiled—coil is unzipped, such a flexible struc-
ture is unlikely to produce force and actually the
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“lever-arm” model of the cross-bridge movement re-
quires a rigid structure of “lever-arm” domain. The
elastic modulus of a single a-helix for bending is esti-
mated to be 0.0015 pN/nm(24), if the length is 23 nm.
If the neck domain tilts the o-helix so that its far end is
swung by 36 nm, the force generated at the far end
would be only 0.054 pN (=0.0015 pN/nm X 36 nm). By
this mechanism, myosin VI cannot move with 36 nm
steps at >0.05 pN (Fig. 5A).

Figure 2A shows a negatively-stained images of
GFP-M6HMMsRod-actin filament complexes in the
presence of 0.2 mM ATP. Interestingly, GFP-M6HMMsRod
molecules bound to an actin filament with 35 +/— 14
nm (mean +/— SD, n = 407. Fig. 2B) intervals, coin-
ciding with the actin helical pitch. This result suggests
that GFP-M6HMMsRod molecules cooperatively bind
to an actin filament, i.e., when a myosin head binds to
some position of an actin filament, the other head pref-
erentially binds to the position ~36 nm (one helical
pitch) apart from the prebound head. Recently, it was
found by negative-stain electron microscopy that mu-
tant Dictyostelium myosin Il subfragment —1 (one
head), in which the 680th Gly is replaced by Val so that
it forms a long-life actomyosin complex in the presence
of ATP like myosin VI, periodically binds along one side
of an actin filament at 36 nm intervals in the presence
of ATP (E. Katayama and T. Q. P. Uyeda, unpublished
data). Based on these findings, we propose a model that
the binding of a head of myosin VI evokes a “hot spot”
on the actin filament at 36 nm (actin helical pitch)
apart from the initial binding site due to the conforma-
tional changes in an actin filament upon myosin bind-
ing. The partner head slides to the ‘hot spot’ thus
producing the 36 nm step. This process occurs succes-
sively thus yielding a processive movement. We have
recently demonstrated that the replacement of the
neck domain and converter domain of myosin V (a plus
directed myosin) by those of myosin VI (a minus di-
rected myosin) does not affect the directionality, indi-
cating that the directionality is solely determined by
the motor core domain of myosin but not converter/
lever-arm domain (16). The direction of the movement
to the neighboring “hot spot” would be determined by
the myosin isotype specific interaction at the interface
between myosin head and actin that creates a bias on
the Brownian motion.

Myosin VI may rapidly walk along the actin mono-
mer repeat to produce a large step. We have recently
suggested that a myosin Il head walks along the actin
monomer repeat by biased Brownian motion (14, 25). A
potential slope made along the helical pitch of an actin
filament upon myosin binding may bias the Brownian
motion of myosin VI (Fig. 6). While how such a poten-
tial slope along the helical pitch could be produced is
obscure, there are a number of reports suggesting that
conformational changes in actin filaments are involved
in actomyosin force generation (26—30). When actin
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FIG. 6. Model of myosin VI stepping. The binding of a myosin
head causes partial untwisting of the actin filament thus exposing
the hydrophobic region (purple) between protofilaments and produc-
ing a potential slope (A). The partner head is led to the next helical
pitch and moves along the potential slope by biased Brownian Mo-
tion (B). When the head reaches the potential minimum, Pi is re-
leased from the head, followed by conformational changes in the neck
domain, and then the head stops the movement. At that time, the
potential slope is produced at the next helical pitch (C). State (C) is the
rate limiting state, so the conformation of myosin VI in the state (C) is
prominent in the electron micrograph. This model is based on our
electron microscopic observations and Katayama and Uyeda (see text).

filaments are chemically cross-linked and its motions
are suppressed, the actin-activated ATPase activity of
myosin is little affected but the motility is lost (26, 27).
Long-range conformational changes along actin fila-
ments are suggested (26, 28, 29). An x-ray diffraction
study has indicated that actin filaments are untwisted
during force generation in muscle (30). It is plausible
that the binding of myosin head causes partial untwist-
ing of actin helix thus exposing the hydrophobic region
between the protofilaments and producing a potential
slope.
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In summary, the neck domain length is critical to
neither the processivity nor large step of myosin. Con-
formational changes in actin filaments upon the bind-
ing of myosin may play an important role in the pro-
cessive and large steps of myosin VI.

(A paper showing the processive movement of myo-
sin VI with a large step (31) was published just before
we submitted this paper.)
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